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ABSTRACT 
 Alkali Silica Reaction (ASR) is a widespread durability problem not only in the 
United States, but also in many countries across the world. ASR distress in concrete 
drastically reduces the service life of a structure and as such, there are no effective 
rehabilitation measures.  As a result, the primary strategy to deal with ASR distress has 
been one of prevention/mitigation in new construction. Various mitigation measures are 
widely used to reduce the effects of ASR in concrete. Among these measures, the use of 
supplementary cementing materials (SCMs) is the most commonly employed method.  
SCMs are believed to mitigate expansions induced by ASR by reducing the permeability 
of the matrix through pozzolanic reaction and by binding alkalis within the hydrated 
cement paste matrix.  The rate of pozzolanic reaction is a function of the physical and the 
chemical properties of SCMs. In addition, alkalinity and temperature also affect the 
pozzolanic reaction.   
 The effectiveness of SCMs in mitigating ASR is evaluated using ASTM C 1567 
test method. This test method calls for a short (2 days) but accelerated curing regime of 
mortar bars, followed by exposure to aggressive conditions (1N NaOH solution at 80ºC)  
to promote ASR reaction. Mortar bar expansions below 0.1% after 14 days of exposure to 
1N NaOH are considered to represent effective mitigation measures.  
 Realizing that effectiveness of SCMs is a function of pozzolanic reactivity; 
questions have been raised about the appropriateness of the accelerated curing regime in 
ASTM C 1567 test method to evaluate SCMs, particularly different fly ashes.  
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 The principal objective of this thesis is to determine the effectiveness of fly ashes 
with different chemical composition, and assess whether the standard curing regime as 
required in ASTM C 1567 test method is appropriate to evaluate ASR mitigation ability 
of fly ashes. In addition, the influence of water-to-cement ratio of mortar mixtures 
containing different fly ashes on the expansion of bars in ASTM C 1567 was evaluated.  
Also, the effectiveness of blended SCMs (low-lime fly ash + high- lime fly ash) in 
mitigating ASR expansions was evaluated.  
 In this study, Spratt limestone - a moderately reactive aggregate was used. Seven 
different fly ashes with different chemical composition were used in this study. Attempt 
was made to select fly ashes that represented a range of lime contents. Six different 
curing regimes were evaluated. All the fly ashes were used at a replacement level of 25% 
with cement. These tests were performed using the Standard and the Modified ASTM C 
1260 and ASTM C 1567 methods. In addition, scanning electron microscopy (SEM) and 
Energy Dispersive X-Ray Analysis (EDX) analyses were conducted to study the 
microstructure of the samples and Thermo-Gravimetric Analysis (TGA) was conducted 
to evaluate the pozzolanic behavior of fly ashes in different curing regimes. 
 Results from these studies indicate that at normal dosage levels (25% mass 
replacement of cement) high lime fly ashes are not capable of mitigating ASR expansions 
below the acceptable limit (0.1% at 14 days), whereas the low lime and intermediate lime 
fly ashes could effectively mitigate the ASR expansions almost at all the ages of curing. 
It was observed that the prolonged curing was more effective in reducing 14-day 
expansions of mortar bars, with majority of fly ashes evaluated in this study. However, 
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the influence of prolonged curing on 28-day expansions of mortar bars was not 
conclusive. The use of low w/c ratio (0.40) in mortar bars resulted in reduced 14-day 
expansions, compared to higher w/c ratio (0.54); however, 28-day expansions were 
observed to be somewhat lower for higher w/c ratio specimens. For a given lime content, 
blended fly ashes were not as effective as virgin fly ashes. This suggests that the 
composition of specific minerals and glass phase in fly ashes is more influential in 
mitigating ASR rather than its bulk chemical composition.  
 Based on the research it is recommended that low-lime and intermediate- lime fly 
ashes should be employed in mitigation of ASR.  High- lime fly ashes were found to be 
ineffective at normal levels of dosage. While blended ashes of certain lime content 
produced lower expansions than high- lime fly ashes, virgin ashes of comparable lime 
contents performed better than blended ashes.  
 Based on the work conducted in this thesis, it is recommended that prolonged 
curing of mortar bars containing fly ash is desirable to more accurately characterize the 
ASR mitigation potential of fly ash. Additional research is recommended to extend the 
findings from this study to evaluate other SCMs such as slag, silica fume and natural 
pozzolans. 
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CHAPTER 1 INTRODUCTION 
1.1 General 
 Alkali-Silica Reactivity (ASR) is a common distress in concrete that was first 
identified in California in 1940 (Stanton, 1940). It is a type of an alkali-aggregate 
reaction (AAR) that results from a deleterious chemical reaction between reactive 
siliceous components that may be present in the aggregates (coarse or fine) and the 
hydroxyl (OH
-
) ions associated with alkalis present in the pore solution of the concrete. 
This reaction results in the formation of ASR gel. The gel by itself does not have any 
adverse affects on the concrete, but in the presence of a moist environment the gel 
absorbs water from its surroundings (as the gel is hygroscopic in nature) (McKeen et Al, 
1998). This water absorption causes swelling, which creates tensile stresses within the 
concrete and disrupts the structure of the surrounding concrete. The moisture also plays 
an important role in migrating alkali ions to reactive sites. Visual cracking on the surface 
of concrete and spalling of joints is a clear indication of ASR. This problem severely 
affects the service life of a structure. For example, a bridge structure that is designed for a 
service life of 80-100 years needs rehabilitation at 25 years and replacement before 50 
years of age, when affected by the ASR distress.  
 The conditions that aggravate the reaction are aggregates containing reactive 
forms of silica, high-pH concrete pore solution, availability of sodium (Na) or potassium 
(K) ions and sufficient moisture. The primary sources for alkalis are portland cement, 
supplementary cementing materials, certain types of volcanic aggregates like basalts and 
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volcanic glass, chemical admixtures, alkaline soils and other external sources like 
seawater, brackish ground water and alkali based deicers. The reactivity of the silica 
depends on the aggregate mineralogy, degree of crystallinity and solubility of silica in 
pore solution. The deleterious ASR symptoms are generally not seen in concrete 
containing non-reactive aggregates. The methods which are traditionally adopted to 
mitigate ASR include: use of non-reactive aggregates, limiting alkali content of concrete, 
use of supplementary cementing materials (SCMs) such as fly ash, rice husk ash, silica 
fume and slag; lithium based admixtures. In recent years, deleterious ASR reaction has 
been found to be triggered by the use of airfield pavement deicers such as acetate and 
formate salts of sodium and potassium. The use of low alkali cements does not control 
the damage caused by these deicers.  
 Of the traditional methods, the use of fly ash is the most commonly adopted 
method. However, there are several concerns with its effectiveness, when used in lower 
dosages and with the usage of fly ashes with high lime contents. This study is an attempt 
to understand the behavior of fly ashes in mitigating the ASR expansion when the curing 
ages of the mixes are prolonged. 
1.2 Problem Statement 
 Fly ash is widely used to mitigate ASR in concrete.  However, several important 
issues pertaining to the evaluation of fly ashes for ASR mitigation potential remain 
unanswered. These include: 
(1) Certain fly ashes do not mitigate ASR at normal dosage levels and induce significant 
expansions in concrete due to ASR. In some cases, the expansions may even exceed the 
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expansions of control concrete (without fly ash). One of the main objectives of this study 
is to verify the conclusions from previous studies on the relationship between lime 
content of fly ashes and its effectiveness in mitigating ASR distress.  
(2) ASTM C 1567 test method is often employed to evaluate the effectiveness of fly 
ashes in mitigating ASR distress.  However, the test conditions that are employed in 
ASTM C 1567 test are very aggressive and are not verified as to their impact on the 
performance of fly ashes as evaluated in this test method. In this thesis, the effect of 
standard curing regime (2 days) of ASTM C 1567 test on the mortar bar expansion will 
be compared with longer curing regimes (28 and 56 days).  
(3) Increasingly, blended fly ashes are being used to mitigate ASR; however, there is no 
body of knowledge to validate that this approach is satisfactory. This thesis will compare 
the performance of the blended fly ashes with virgin fly ashes in mitigating ASR, both 
containing similar levels of lime content. 
(4) The effect of w/c ratio on the mitigation of ASR is not clearly understood. In this 
thesis, the effect of w/c ratio on expansion of mortar bars in the ASTM C 1567 test will 
be evaluated. 
1.3 Objectives 
The main objectives of the research are to investigate: 
1. The effect of composition of fly ash on mitigating expansions induced by ASR. 
2. The effectiveness of blended fly ashes in mitigating ASR and compare the 
performance with virgin fly ashes of similar composition. 
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3. The influence of prolonged curing on expansions of test specimens in the ASTM 
C 1567 test method. 
4. The effect of w/c ratio (i.e. permeability) on mortar bar expansion in ASTM C 
1567 tests. 
1.4 Scope of Research  
 The research program is narrowed to only one type of aggregate, which is reactive 
in nature; specific types of fly ashes from different parts of United States; one high-alkali 
portland cement; 1N NaOH solution. The chemical composition of all the fly ashes and 
the aggregate used are discussed in the 3
rd
 chapter of this thesis. 
 The study also included the analysis of data from previous studies which includes 
the use of five different types of aggregates (both reactive and non-reactive), 15 different 
types of fly ashes and one type of ground granulated blast furnace slag (GGBFS).  
 The cement used is high-alkali cement with a Na2Oe of 0.82%. In summary, 7 
different fly ashes are used of which 3 are of high lime, 3 of low lime and one 
intermediate lime. The aggregate used for all the tests is Spratt limestone.  
 The standard ASTM C 1260 test is used to test the reactivity of the aggregate, 
whereas, a standard ASTM C 1567 test is adopted to test the influence of fly ashes in 
mitigating reactivity of Spratt lime stone. In the standard test, the mortar bars were cured 
for 2 days, i.e. 1 day in a moist room and 1 day in a hot water bath at 80
o
C. In practical 
applications, ASR is mostly seen in places where the deicers are widely used. For this 
reason, the above mentioned tests were modified and 6.4 M potassium acetate solution, 
which is generally used as a deicer, is used as a soak solution. In the ASTM C 1567 tests, 
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the fly ashes with different lime contents were tested for their effectiveness in reducing 
ASR expansion. This method is slightly modified by blending these fly ashes together (2 
fly ashes in a mix). These mixes were tested in 1 N NaOH solution and their efficiency 
was also tested. The blending process was adopted to obtain mixes with intermediate lime 
contents. 
 In the standard ASTM C 1567 process, the ASR expansion in the presence of a fly 
ash is calculated. However, the pozzolanic reaction involving the fly ash is generally 
slow in nature. Thus, a 2-day curing may not be sufficient for the total hydration reaction 
to take place. For this reason, a prolonged curing process is developed. The curing period 
was prolonged to 14, 28 and 56 days and the bars were soaked both in 1 N NaOH 
solution and 6.4 M potassium acetate solution. The curing methods were also changed 
and their efficacy is tested, i.e. the curing of mortar bars for one day in 80
o
C temperature 
was avoided. The same process was also adopted for prolonged curing as well.  
 The prolonged curing was adopted for better hydration of the mixes used. To 
check this, the amount of hydrated calcium hydroxide was calculated using a 
thermogravimetric analysis. This was obtained by determining the weight loss of the 
sample upon increasing temperature.  
 Some mixes were made with varying water cement ratios to observe the effect of 
permeability on the ASR expansion.  
 Based on the results obtained, some mixes were selected for further analysis.  The 
corresponding mortar bars were cut and their microstructure was studied in a scanning 
electron microscope.  
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Apart from these tests, some data was collected from previous research studies 
conducted at Clemson University (Desai, 2007). The data includes the use of five 
different types of aggregates (both reactive and non-reactive), 15 different types of fly 
ashes and one type of ground granulated blast furnace slag (GGBFS).  
 The test methods described above were adopted to attain the defined test 
objectives. The results of these tests are provided and analyzed in chapter 4 of this thesis.  
1.5 Organization of the Thesis 
 This thesis is written in five chapters. The first chapter is an introduction to the 
research study and defines the problem statement. This chapter gives a list of the various 
objectives defined and the scope of the research study, i.e. the approach towards the 
research study. 
 Chapter 2 reviews the literature based on the past research done on ASR. It 
defines the problem, compares the state of ASR with other reactions, etc. The literature 
review carried out is largely related to the defined objectives. It mainly deals with the 
mitigation measures of ASR with a major emphasis being laid on fly ash and its chemical 
composition. The various test methods that can be employed to study the reactivity of the 
aggregates are also discussed in this chapter.  
 Chapter 3 gives a detailed portrayal about the materials used and the test methods 
adopted in this research to obtain the defined objectives.  
 Chapter 4 focuses on the results obtained for the various tests done, analyzes the 
results, and provides a platform for the discussion of these results.  
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 Chapter 5 draws a conclusion of the thesis and checks if the objectives defined are 
completely satisfied. It also gives some recommendations that can be implemented 
further to mitigate these problems.   
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CHAPTER 2 LITERATURE REVIEW 
 The literature review discusses the introduction to ASR, past research in ASR, 
factors affecting ASR and traditional mitigation practices. This chapter also deals about 
the effect of fly ash on ASR based on its chemical composition, the influence of deicers 
on airfield pavements. The components of aggregates that increase ASR expansions are 
also discussed in detail.  
2.1 Introduction 
 ASR was first observed in California in the year 1940. Since then it was 
recognized in many countries. In United States, alkali-silica reactive aggregates are more 
common in Western and Southwestern states; and in certain Southeastern parts, 
especially Alabama, South Carolina, and Georgia. (EM 1110-2-2000) The ASR distress 
can be defined as “A chemical reaction involving alkali ions from Portland cement (or 
from other sources), hydroxyl ions, and certain siliceous constituents that may be present 
in the aggregate.” („Concrete‟, P.K.Mehta, Paulo.J.Monteiro) The cracking that results 
due to ASR is called Map cracking or „Isle of Man‟ cracking. ASR is also evident by 
spalling of joints, extrusion of the joint sealing material, relative displacements of various 
parts of structure and pop outs. In practical applications, this problem occurs at a stage 
when concrete is matured. 
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2.2 Comparison of ASR and Pozzolanic reaction: 
 The mechanism of a pozzolanic reaction is as follows: Silicate anions are 
detached from the reactive aggregate by hydroxyl ions and these react with the alkali ions 
(sodium and potassium ions) resulting in the formation of an alkali-silicate gel, which 
imbibes water and forms alkali-silicate-hydrate gel, which is mobile. As the cement 
particles are small, the thus formed gel reacts with calcium and results in the formation of 
C-S-H gel, which does not expand. 
 As ASR occurs much later after the concrete is placed i.e. as the concrete has 
already matured, most of the calcium is bound in solid calcium phases and the rate of 
supply of calcium is insufficient to convert the gel quickly to C-S-H. Thus, the gel 
expands and results in cracking of concrete. By the time C-S-H gel is formed, concrete is 
already damaged (www.understanding-cement.com WHD Microanalysis Consultants 
Limited).  
 The occurrence of ASR in concrete is mainly affected by 3 factors:  
 Presence of Reactive silica in the aggregates 
 Alkalinity of the pore solution in concrete (pH) 
 Availability of moisture 
 Stanton (1940) initially found that opal and chert are the main contributors of 
reactive silica in concrete, but the various reactive aggregate components that have 
encountered ASR apart from the above mentioned are volcanic quartz with amorphous 
silica, tridymite, cristobalite, cryptocrystalline quartz and strained quartz with reactive 
crystalline silica. For a given aggregate, the expansion is highest at 5% reactive silica and 
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this is called as pessimum proportion of the aggregate. Studies also indicate that the 
expansion is greater for intermediate size aggregates (Concrete; Mindess, and Young). 
 A higher alkali content of the pore solution in concrete increases its alkali 
hydroxide concentration and pH, which results in increase of potential for concrete to get 
affected by ASR. The main contribution for alkalis is from the Portland cement in the 
forms of sodium (Na) and potassium (K). These are found in the pore solution of the 
concrete. Another major source of alkalis is the deicers used for pavements, where the 
salts used for deicing and anti icing in these chemicals add up to the alkali content of the 
concrete. The other sources of alkalis are secondary cementing materials. Their 
contribution is relatively low and varies from material to material. In some cases, the 
alkali bearing rock components within the aggregates play an important role in producing 
the alkali hydroxides. 
 The moisture plays an important role in the ASR expansion. After the formation 
of alkali silicate gel, if the relative humidity in the vicinity of the gel exceeds 80%, it 
results in the swelling of the gel which is caused due to water absorpt ion by the alkali 
silicate gel. 
 The use of low alkali cement (Na2Oeq < 0.6%) may reduce the expansions, but its 
usage remains an issue with the new manufacturing techniques and environmental issues. 
Some research studies have proved that the use of low alkali cement proves to be 
effective only during the absence of alkalis from external sources. (Chatterji et. Al 1979) 
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2.3 Use of SCMs to reduce the ASR expansion of concrete 
 Fly ash generally controls the ASR expansion by reducing the alkalinity of the 
pore solution of the concrete. 
The general reaction for ASR is as follows: 
Na
+
 + SiO2 + H20  Na2O.SiO2.H2O 
 The alkali silicate hydrate gel thus formed is expansive. When, fly ash is added to 
the concrete, the calcium compounds present in the fly ash result in the formation of 
CaO.Na2O.SiO2.H2O, which is not expansive. Thus, fly ash either reduces or in some 
cases suppresses the expansion in this manner.  
 ASTM C 618 classifies fly ash as a pozzolan or as an admixture based on its SiO2, 
Al2O3 and Fe2O3 contents as Class F and Class C fly ashes. Class N is a raw or calcined 
natural pozzolan such as opaline cherts, shales etc. with SiO2, Al2O3 and Fe2O3 content as 
70% and maximum LOI as 10%. Class F is a pozzolanic fly ash, generally produced from 
anthracite or bituminous coal, with a SiO2, Al2O3 and Fe2O3 content as 70% and 
maximum LOI as 6%. Class C is a pozzolanic fly ash, generally produced from lignite or 
sub bituminous coal, with a SiO2, Al2O3 and Fe2O3 content as 50% and maximum LOI as 
6%. 
 Another classification for fly ash is based on the lime content and is given by the 
Canadian Standards. They are divided into 3 categories and are as follows: low lime (F) 
(CaO<8%), intermediate lime (CI) (8%<CaO<20%) and high lime (CH) (CaO>20%) fly 
ashes. Shehata has stated that high lime fly ashes are not effective in reducing the pore 
solution alkalinity of the cement paste system. This increases the available alkalis in the 
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system and thus resulting in a higher expansion. In general, the non-chloride deicers like 
potassium acetate, sodium formate etc. react with the abundant lime to prod uce calcium 
formate or acetate and thus increasing the alkali hydroxide concentration in concrete. 
Consequently, at a given level of replacement, ashes with high calcium content are less 
effective. 
 The various characteristics in fly ash that determine its efficiency in preventing 
ASR are fineness, mineralogy and chemistry. The quantity of the glass present and the 
fineness of the ash influence the performance of the fly ash. (Shehata et Al.  2000)  
  Malvar and Lanke studied the chemistry of the fly ash and  classified the chemical 
constituents of the ash into two different groups: constituents that contribute to the 
expansion and that reduce the expansion. CaO, Na2O, MgO, and SO3 belong to the first 
group, where as SiO2, Al2O3, and Fe2O3 belong to the second. Thus, the efficiency of the 
fly ash also increases with the increase in silica content. Amorphous silica has a 
beneficial effect on ASR when compared to crystalline phases like quartz, as it is 
completely inert in concrete.  
 The SCMs that are generally used and their replacement levels adopted are as 
follows: 
Fly Ash – 15 to 35% 
Silica Fume – 5 to 10% 
Slag – 40 to 50% 
Class N pozzolans – 10 to 25% 
(Helmuth, R. “Alkali-Silica Reactivity: An Overview of Research.” Construction 
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Technology Laboratories, Inc. May 1993.) 
 In some cases, high replacement levels of these SCMs may affect the early 
strengths of the concrete, whereas the low replacement levels do not prove effective in 
mitigating the ASR expansion. Hence, the usage of ternary blends in combination of OPC 
and two other SCMs would prove effective. (Lane et. Al, 1998) 
2.4 Use of Lithium Compounds to Mitigate ASR 
 Apart from these, lithium based compounds such as lithium nitrate, lithium 
carbonate etc are also used in concrete to mitigate the ASR expansion. These compounds 
do not increase the pH of the solution thereby eliminating the pessimum effect of the 
aggregate. When these compounds are added in insufficient quantities, this may result in 
increased expansion, which is eventually due to increased pH of the concrete. 
2.5 Test Methods Adopted to Mitigate ASR 
 The occurrence or the severity of ASR in concrete can be identified in various 
ways such as visual map cracking, U-V light method (by applying Uranyl Acetate 
Solution), LANL (Los Alomos National Lab) staining technique, petrographic 
examination and laboratory testing.  
 ASTM has provided various standard measures for laboratory testing such as 
visual tests; microscopic tests etc. to detect ASR since 1940. The various test methods are 
ASTM C 295 which deals with the petrographic examination of the aggregate, ASTM C 
227, ASTM C 1260 which is also known as the accelerated mortar bar test method and 
ASTM C 1293 also known as concrete prism test method. Several reliability issues are 
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concerned with ASTM C 1260, because of its severe exposure conditions. These test 
conditions are not comparable with the field conditions.  
  Thomas lays a comparison of 1260 and 1293 tests with the field conditions. 
During field conditions, the alkalis in the system remain constant with time, but the actual 
test conditions of concrete prism test (1293) promote alkali leaching from the concrete 
and thus decrease the alkali content with time. In accelerated mortar bar test (1260), there 
is an inexhaustible external supply of alkalis from the soak solution. Thus, the impact of 
pozzolans is shrouded in this test. (Thomas et. Al 2007). The acceptance criteria of these 
tests is 14 Day expansion < 0.01 % for ASTM 1260 and 1 year expansion < 0.04% (or) 2 
year expansion < 0.04% (for pozzolans) for ASTM 1293 tests. 
 Other tests in practice are ASTM C 441, which adds pyrex glass to the aggregate 
to be tested. This may affect the reactivity of the aggregate and hence has to be 
considered while testing.  
2.6 Conclusion 
Hence, ASR can either be eliminated by the use of non-reactive aggregate, or in case of 
non-availability of non-reactive aggregate, it is suggested to use any of the following: 
SCMs with Portland or blended cement, blended cement, lithium based admixtures or 
limiting the alkali content of the concrete. 
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CHAPTER 3 MATERIALS AND METHODOLOGIES 
3.1 General 
 This chapter deals with the various materials used for testing; the various test 
methods used and their procedures and the test matrices employed as per the given 
standards.  
3.2 Materials 
 All the tests were done using only one type of a reactive aggregate, se ven 
different types of fly ash classified and selected based on their lime contents, high alkali 
cement, 1 N NaOH solution and 6.4 M potassium acetate deicer.  
3.2.1 Aggregate 
 The aggregate used was Spratt limestone, which is reactive in nature. The major 
component of the aggregate is siliceous limestone. The aggregate is a quarried rock and 
was obtained from the Spratt quarry in Ontario, Canada. The properties of Spratt 
limestone are mentioned in Table 3.1. 
Table 3.1: Properties of the aggregate 
Aggregate 
Property 
Water 
Absorption (%) 
Bulk Specific 
Gravity 
Bulk Specific 
Gravity (SSD) 
Dry rodded 
Unit Weight 
(kg/m
3
) 
Spratt Lime 
Stone 
0.46% 2.69 2.71 1568 
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3.2.2 Cement 
 The cement used for this study is high alkali Type I Portland cement with a Na2O 
equivalent of 0.82%. The source of the cement was from the Lehigh plant in Evansville, 
PA. The chemical composition of the cement is stated in Table 3.2. 
Table 3.2: Chemical Composition of Type I High Alkali Cement 
Oxide (%) 
SiO2 19.74 Na2Oequivalent 0.82 
Al2O3 4.98 K2O 0.84 
Fe2O3 3.13 Na2O 0.27 
CaO 61.84 Insoluble Residue 0.25 
MgO 2.54 C3A 8.97 
SO3 4.15 C3S 46.6 
LOI 1.90 Autoclave 
Expansion 
0.12 
3.2.3 Fly Ash 
 Fifteen different fly ashes from various parts of United States were used in the 
research study. In this study, the fly ashes were c lassified based on their lime contents, 
i.e. as per the Canadian standards as discussed in Chapter 2. Hence, the study had 4 high 
lime ashes, 6 intermediate lime ashes and 5 low lime ashes. Of the 15 fly ashes used, 10 
were from different plants of Boral Material Technologies, 4 from Headwater Resources 
and one from Southeaster Fly Ash Company (SEFA). A 25% replacement level was used 
throughout the study. Seven of these fly ashes (3 HL, 1 IL and 3 LL) were tested in the 
mortar bar test.  2 fly ashes (1 HL and 1 LL) and a control mix were made at water 
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cement ratios of 0.4 and 0.54 to look at the affect of permeability on ASR. Also, data 
from the previous tests was obtained for all the 15 fly ashes for 25% replacement, 3 
different fly ashes (1 HL, 1 IL, and 1 LL) for 25% replacement.  
 In this study, the fly ashes are also blended (1 HL + 1 LL) at different ratios at a 
25% replacement with cement and their performance is also studied based on the lime 
content, alumina to silica ratio and lime to silica ratio. In the blended test, 2 high lime 
(HL 3 and HL 4) and 2 low lime fly ashes (LL 1 and LL 3) were used. 
Table 3.3: Chemical Composition of Low Lime Fly Ashes 
Oxide (%) LL1 LL2 LL3 LL4 LL5
(SiO2) 52.78 54.12 58.67 54.53 52.4
(Al2O3) 27.46 27.79 20.86 26.29 23.2
(Fe2O3) 8.9 8.01 11.51 5.03 5.73
Sum of SiO2, Al2O3, Fe2O3 89.14 89.92 91.04 85.85 81.33
(CaO) 1.27 1.34 3.35 7.31 7.49
(MgO) 1.08 0.9 1.15 1.6 1.71
(SO3) 0.12 0.16 0.4 0.39 0.8
(Na2O) NA 0.29 0.46 0.27 0.41
(K2O) NA 2.79 1.12 1.05 1.16
Total Alkalies (as Na2O) NA 2.13 1.2 0.96 1.17
Available Alkalies (as Na2O) 0.67 0.56 NA 0.25 0.2
Loss on Ignition, % 2.97 2.51 0.04 0.73 0.73  
  
 18 
Table 3.4: Chemical Composition of Intermediate Fly Ashes 
Oxide (%) IL1 IL2 IL3 IL4 IL5 IL6
Silicon Dioxide(SiO2) 52.40 52.97 52.92 56.26 49.69 41.91
Aluminium Oxide (Al2O3) 23.20 22.25 21.30 19.88 15.03 21.08
Iron Oxide (Fe2O3) 5.73 5.39 7.51 4.48 6.60 5.61
Sum of SiO2, Al2O3, Fe2O3 81.33 80.61 81.73 80.62 71.32 68.60
Calcium Oxide (CaO) 10.33 10.45 10.56 12.25 15.63 18.94
Magnesium Oxide (MgO) 2.08 2.33 2.83 2.76 4.92 4.21
Sulphur Trioxide (SO3) 0.64 0.52 0.49 0.48 0.90 0.98
Sodium Oxide (Na2O) 1.26 0.94 0.57 0.66 2.53 2.15
Potassium Oxide (K2O) 0.97 1.10 1.38 0.83 2.13 0.67
Total Alkalies (as Na2O) 1.90 1.66 1.48 1.21 3.93 2.59
Available Alkalies (as Na2O) 0.69 0.54 NA 0.34 NA 1.17
Loss on Ignition, % 0.75 0.78 0.11 0.29 0.01 0.54
Specific Gravity, g/cc 2.26 2.40 - 2.41 2.55 2.57  
Table 3.5: Chemical Composition of High Lime Fly Ashes 
Oxide (%) HL1 HL2 HL3 HL4
Silicon Dioxide(SiO2) 39.66 32.44 34.55 31.31
Aluminium Oxide (Al2O3) 20.42 19.31 18.10 18.64
Iron Oxide (Fe2O3) 5.51 8.19 5.68 5.49
Sum of SiO2, Al2O3, Fe2O3 65.59 59.94 58.33 55.44
Calcium Oxide (CaO) 22.85 27.47 27.50 29.85
Magnesium Oxide (MgO) 4.22 5.19 5.04 5.54
Sulphur Trioxide (SO3) 1.21 2.12 2.80 2.55
Sodium Oxide (Na2O) 1.49 1.11 1.59 1.88
Potassium Oxide (K2O) 0.69 0.42 0.36 0.32
Total Alkalies (as Na2O) 1.90 1.39 1.83 2.09
Available Alkalies (as Na2O) 0.95 0.83 NA 1.34
Loss on Ignition, % 0.27 0.06 0.18 0.23
Specific Gravity, g/cc - 2.73 2.63 2.77  
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3.3 Test Methods 
 The experiments conducted were of 3 types: mortar bar tests, tests on cement 
paste (cement + fly ash) and the tests that look at the microstructure of the aggregates. 
The mortar bar tests conducted are standard and modified versions of ASTM C 1260 and 
ASTM C 1567 tests. A thermo gravimetric analysis (TGA) was performed on the samples 
made out of cement or cement and fly ash paste. Scanning Electron Microscopy (SEM) 
analysis was conducted on the samples after the mortar bar tests.  
3.3.1 Standard ASTM C 1260 Test Method 
 This method is used to test the reactivity of aggregates. This test was done in a 1 
N NaOH soak solution. As the test conditions are accelerated in this method, it is also 
known as the “Accelerated Mortar Bar Test” (AMBT) method. In this test, mortar bars 
(1” x 1” x 11.25”) are prepared at a water cement ratio of 0.47. They are prepared with 
gage studs at the ends for the length change measurement. A comparator is used to 
measure the changes in length. A reference bar made of invar steel (because of its low 
thermal coefficient of expansion) is used each time the measurements were made. The 
mortar bars were cast at an aggregate to cement ratio of 2.25:1. The mortar bars were 
cured in the moist room for 24 hours, demolded and then kept in a storage container with 
sufficient amount of water in it. This container is stored in an oven at a temperature of 
80
o
C for another 24 hours. Then, length measurements are obtained for all the bars before 
placing them in a 1N NaOH soak solution which is preheated to 80
o
C. The ratio of the 
amount of soak solution used for the test to the volume of the mortar bars soaked in the 
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solution is 4.5:1. Four mortar bars were made for each test. The length measurements 
were taken at regular intervals of 3, 7, 11, 14, 21 and 28 days after immersing in the soak 
solution. The aggregate used is termed as innocuous or non-reactive, if the 14-day 
expansion is less than 0.1%. If the 14-day expansion is between 0.1 to 0.2%, the 
aggregate is termed as a potentially reactive aggregate and with an expansion higher than 
0.2% it is termed as reactive. 
3.3.2 Modified ASTM C 1260 Procedure 
 This test uses the same procedure as the standard test except for a few changes. 
Firstly, the use of a 6.4 M potassium acetate as the soak solution in place of 1 N NaOH 
solution with the same volume of the soak solution as the standard tests. Secondly, the 
mortar bars were put for prolonged curing, i.e. the total curing age is increased from 2 
days to 7, 14, 28 and 56 days. For instance, 28 day curing entails 27 days of curing in the 
moist room at room temperature and one day of curing in a hot water bath at 80
o
C. 
Another method of curing was also adopted. With this method, curing in hot water bath is 
avoided, i.e. for 28 day curing; the mortar bars were cured in the moist room for 28 days 
thereby eliminating the hot water bath process. This is done for 2, 28 and 56 days of 
curing.  
 Another test was carried out with different water cement ratios of 0.4 and 0.54 to 
examine the affect of permeability of the mix on ASR.  
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3.3.3 Standard ASTM C 1567 Test Procedure 
 This test can also be called as a modified ASTM C 1260 test. The test conditions 
and the procedure are same as that of ASTM C 1260 test. This test standard mainly 
evaluates the ASR mitigation potential of mixes with supplementary cementitious 
materials in them. A cement replacement dosage of 25% by mass is adopted for all the 
mixes. This cement replacement is substituted either by different types of fly ashes or a 
blend of different fly ashes. The soak solution used is 1 N NaOH solution. 
3.3.4 Modified ASTM C 1567 Test Procedure 
 The procedure for this test standard is same as that of modified ASTM C 1260, 
i.e. the use of potassium acetate as a substitute for 1 N NaOH and delaying the curing 
period. The only difference is the 25% replacement of Portland cement with cementitious 
materials like fly ash. The replacement with blends of fly ashes is also adopted in this test 
standard. The tests with water cement ratios of 0.4 and 0.54 are done with one high lime 
and one low lime fly ash.  
3.3.5 Thermo Gravimetric Analysis (TGA) 
 This test method is generally used to determine the weight change of the samples 
with respect to their temperatures. Small cylindrical paste samples are prepared at a water 
cement ratio of 0.47 and are kept in the moist room for curing. This test was conducted 
on mixtures containing 2 fly ashes (1 HL and 1 LL) and a control mix. The curing ages 
were 2, 14 and 28 days. The type of curing adopted was the same as that discussed in 
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section 3.3.2 under modified ASTM C 1260 procedure, i.e. with and without using the 
hot water bath curing for 24 hours.  
 At a temperature of 400
o
C to 500
o
C, the weight loss of the samples is due to 
decomposition of calcium hydroxide to calcium oxide (solid) and water vapor. Based on 
this, the amount of calcium hydroxide hydrated in the actual sample can be obtained. This 
test is mainly done to study the effect of delayed curing on ASR. 
3.3.6 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX) 
Analyses 
 SEM and EDX analyses were conducted on polished sections of mortar bars using 
a variable pressure Hitachi S-3400N SEM. The tests were run at a voltage of 20Kv. 
These tests were performed at the Clemson University electron microscope facility. 
Samples were taken from mortar bars used for standard and modified ASTM C 1260 and 
ASTM C 1567. The samples were cut using a masonry saw. They were prepared using a 
combination of epoxy resin and hardener in a ratio of 100:12. Any air bubbles present 
were removed using a vacuum pump and desiccators. The samples were then hardened by 
keeping them at a temperature of 38
o
C. Once hardened, the samples were polished to 
remove any surface defects. The polishing process was done on diamond-embedded discs 
with grits of #60, #140, #600 and #1200 in the order of increasing fineness. After this, the 
final polishing was done on finer discs by using diamond suspensions of #3 micron and 
#1/4 micron. The samples, once polished were then ready to be analyzed using the 
scanning electron microscope.  
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3.4 Mixture Proportions 
 The mixture proportions for the standard and modified versions of ASTM C 1260 
and ASTM C 1567 tests are given in Table 3.6. The aggregate to cement/cementitious 
materials ratio used in the mixes was 2.25:1. The test matrix for the blended mixes is 
provided in Table 3.7. The aggregates used were well graded and their gradation 
quantities are mentioned in Table 3.8. All the proportions mentioned below are for a 
batch of 4 bars. 
Table 3.6: Mix Design for standard and modified ASTM C 1260 and ASTM C 1567  
Materials 
Std. and Modified ASTM 
C 1260  
Std. and Modified ASTM 
C 1567 @ 25% cement 
replacement 
w
/c
  
0
.4
 
w
/c
  
0
.4
7
 
w
/c
 0
.5
4
 
w
/c
  
0
.4
 
w
/c
 0
.4
7
 
w
/c
 0
.5
4
 
Cement (grams) 411.6 500.0 344.5 308.7 375.0 258.4 
Fly Ash (grams) 0 0 0 102.9 125.0 86.1 
Aggregates (grams) 1125.0 1125.0 1125.0 1125.0 1125.0 1125.0 
Water (grams) 164.6 235.0 186.0 164.6 235.0 186.0 
NaOH/ Pot. Acetate (ml) 3318.0 3318.0 3318.0 3318.0 3318.0 3318.0 
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Table 3.7: Mix Design for Blended Fly Ash Mixes 
Materials 
20% HL + 
80% LL 
40% HL + 
60% LL 
60% HL + 
40% LL 
80% HL + 
20% LL 
Cement (grams) 375 375 375 375 
HL Fly Ash (grams) 25 50 75 100 
LL Fly Ash  (grams) 100 75 50 25 
Aggregates 1125 1125 1125 1125 
Water 235 235 235 235 
Water/Cementitious 
Materials Ratio 
0.47 0.47 0.47 0.47 
NaOH/ Pot. Acetate (ml) 3318 3318 3318 3318 
 
Table 3.8: Gradation of the aggregate 
Size of the 
aggregate 
Retained on the sieve 
2.36 mm 1.18 mm 600 µ 300 µ 150 µ 
Quantity 
(gms) 
112.5 
(10%) 
281.25 
(25%) 
281.25 
(25%) 
281.25 
(25%) 
168.75 
(15%) 
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3.5 Test Matrix 
The test matrices were developed based on the defined objectives: 
 Standard ASTM C 1260 and ASTM C 1567 tests were conducted to study the 
reactivity of the aggregate and the effectiveness of the fly ash in mitigating ASR. In this 
investigation, 7 different fly ashes were used (3 HL, 3 LL and 1 IL). Table 3.9 provides a 
matrix of the tests conducted. 
Table 3.9: Test Matrix for Standard ASTM C 1260 and ASTM C 1567 Methods 
Control LL 1 LL 2 LL 3 IL 5 HL 1 HL 3 HL 4 
X X X X X X X X 
 In addition, blended ashes containing combinations of high and low lime ashes 
were also evaluated. One high lime fly ash (HL 1) and one low lime fly ash (LL 1) were 
blended in different proportions to obtain mixes with intermediate lime contents and the 
efficiency of these mixes were evaluated. The test matrix for these mixes is given in 
Table 3.10. 
Table 3.10: Test Matrix for Blending of Fly Ashes 
HL 3 + LL1 HL 3 + LL 3 HL 4 +  LL 1 HL 4 + LL 3 
20% + 80% 20% + 80% 20% + 80% 20% + 80% 
40% + 60% 40% + 60% 40% + 60% 40% + 60% 
60% + 40% 60% + 40% 60% + 40% 60% + 40% 
80% + 20% 80% + 20% 80% + 20% 80% + 20% 
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 To make the pozzolanic reaction more effective, the curing period of the mortar 
bars was prolonged to different ages. For some mixes, curing in the hot water bath was 
avoided and then continued in the moist room for that certain period. This was performed 
to check if the one-day curing in hot water bath would affect the hydration of calcium 
hydroxide. 
 The length measurements for the bars were taken before keeping them in the soak 
solution. Hence, with the hot water bath, the readings were taken at 80
o
C and without the 
hot water bath; they were taken at room temperature. The test matrix for all these tests is 
given in Table 3.11, Table 3.12. 
Table 3.11: Test mixes for prolonged curing 
 
Curing Age (Days) 
2 Day 14 Day 28 Day 56 Day 
Hot 
Water 
Bath 
No Hot 
Water 
Bath 
Hot 
Water 
Bath 
No Hot 
Water 
Bath 
Hot 
Water 
Bath 
No Hot 
Water 
Bath 
Hot 
Water 
Bath 
No Hot 
Water 
Bath 
CTRL X X X  X X X X 
LL 1 X X   X X X X 
LL 2 X X   X X X X 
LL 3 X X X  X X X X 
IL 5 X  X    X  
HL 1 X X   X X X X 
HL 3 X X X  X X X X 
HL 4 X X   X X X X 
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 Some of these mixes were tested in a potassium acetate deicer as well. The test 
matrix for those mixes is given in Table 3.12. 
Table 3.12: Test Matrix for Modified ASTM 1260 and ASTM 1567 Methods (With 
Potassium Acetate) 
 
Curing Age (Days) 
2 Day 14 Day 56 Day 
CTRL X X X 
LL 3 X X X 
IL 5 X X X 
HL 3 X X X 
 A thermo gravimetric analysis was done to check the amount of hydrated lime 
content for samples run under regular and prolonged curing periods. The test matrix for 
these samples is given in Table 3.13. 
Table 3.13: Test Matrix for TGA Method 
 
2 Day 14 Day 28 Day 
Hot 
Water 
Bath 
No Hot 
Water 
Bath 
Hot 
Water 
Bath 
No Hot 
Water 
Bath 
Hot 
Water 
Bath 
No Hot 
Water 
Bath 
CTRL X X X X X X 
LL 3 X X X X X X 
HL 3 X X X X X X 
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 The effect of permeability on the ASR expansion was also tested with varying 
water cement ratios.  
Table 3.14 gives the test matrix for these tests.  
Table 3.14: Test Matrix for Permeability Effect 
 w/c = 0.4 w/c = 0.47 w/c = 0.54 
CTRL X X X 
LL 1 X X X 
HL 4 X X X 
 Apart from these, significant amount of data was adopted from previous research 
studies. The data mainly deals with different fly ashes used with different aggregates 
(both reactive and non-reactive) at different dosage levels.  
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CHAPTER 4 RESULTS AND ANALYSIS 
 This chapter deals with the results and analysis of the various tests performed as 
discussed in CHAPTER 3. The results are provided in the order of defined objectives. 
Based on the hypotheses laid, the results obtained are analyzed and a final discussion is 
made. A statistical analyses was performed to validate the data. 
4.1 Efficiency of Fly Ash in Mitigating ASR Expansion 
 The efficiency of fly ash in mitigating the ASR expansion was tested using 
standard and modified ASTM C 1260 and ASTM C 1567 tests, i.e. in 1 N NaOH and 
potassium acetate. The hypothesis laid was that the expansion of the mix increases with 
the increase in the lime content of the fly ash. Figure 4.1 shows the expansion variation 
from 0 to 28 days for mixes with 7 different fly ashes (3 high lime, 3 low lime and 1 
intermediate lime) and a control mix, i.e. without fly ash. These mortar bars were soaked 
in a 1 N NaOH solution. Figure 4.2 shows the variation for 3 different fly ashes (1 high 
lime, 1 low lime and 1 intermediate lime) and a control mix soaked in potassium acetate 
solution. 
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Figure 4.1 Expansions of Control and Fly Ash Mortar Bars in 1 N NaOH using 
Standard ASTM C 1567 
 
Figure 4.2: Expansions of Control and Fly Ash Mortar Bars in KAc using Modified 
ASTM C 1567 
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 The graphs show that the expansion at a given age increases with an increase in 
the lime content of the fly ash (as hypothesized), and the control mix (i.e. without fly ash)  
was the maximum in both the cases. However, the rate of increase of expansion remains a 
concern in the fly ashes with low lime contents. This is because these fly ashes mitigate 
the ASR expansion until the age of 14 days, but the rate of expansion increases 
significantly after 14 days. To prove this, a slope ratio function was developed. 
 The slope ratio is defined as the ratio of slope of the expansion curve from 14 to 
28 days (S2) to the slope of the expansion curve from 0 to 14 days (S1). The slope ratios 
for various fly ashes used in Figure 4.1 are provided in Table 4.1. 
Table 4.1: Slope Ratios for mixes at 2 Day Curing 
Mix Lime Content (%) S1 S2 S2/S1
CTRL 0 0.031 0.026 0.8
LL 1 1.27 0.004 0.009 2.3
LL 2 1.34 0.005 0.015 3.3
LL 3 3.35 0.005 0.009 1.9
IL 5 15.63 0.006 0.011 2.0
HL 1 22.85 0.014 0.019 1.3
HL 3 27.5 0.024 0.031 1.3
HL 4 29.85 0.022 0.017 0.8  
 From the table, it is evident that the slope ratios are higher for the low lime and 
intermediate lime mixes when compared to the high lime mixes. This is because; the low 
lime fly ashes reduce mitigation in the initial stages by carrying a pozzolanic reaction and 
thereby avoiding the alkali solution to get into the bars. However, the pozzolanic reaction 
holds good only during the initial stages. This is because, with the formation of a crack, 
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the alkali solution starts getting into the pore solution and thereby accelerating the 
expansion reaction. This results in higher values for the slope ratios. 
 In the case of high lime mortar mixes, the acceptance limit of 0.1% is not 
suppressed in any of the cases, i.e. expansion reaction starts from the initial days. Hence, 
it does not show any affect on the slope ratio. 
4.2 Effect of Blended Fly Ashes on ASR Mitigation 
 To study the effect of the blending of fly ashes on mitigating the ASR expansion, 
16 different mixes were made using 4 different fly ashes (2 HL and 2 LL) at a 25% 
replacement with cement, with a combination of 2 different fly ashes (1 HL and 1 LL) at 
one time. Their expansions at an age of 7, 14 and 28 days after soaking in the solution are 
plotted in Figure 4.3. These values were compared with the corresponding data for the 
raw fly ashes. For this, 14 different fly ashes at the same 25% replacement were used. 
Figure 4.3 shows the expansion plot for mortar bars with both raw and blended fly ashes.  
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Figure 4.3: Expansion of Mortar Bars with Raw and Blended Fly Ashes (* - Data 
obtained from Dr. Desai’s dissertation) 
 It is evident from the figure that the raw fly ash mixes have lesser expansion 
values than blended fly ash mixes for a similar lime content. This can be further proved 
by plotting a linear equation for the data. Figure 4.4 shows the trend lines and their 
equations for the data shown in Figure 4.3. 
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Figure 4.4: Trendline Equations for Raw and Blended Fly Ash mixes 
 The lime content available in the fly ash is mainly of 2 types: one form is the 
freely available lime and the other form is as a sphere and is not readily available for 
ASR, i.e. ASR expansion is caused only due to the freely available lime content. Hence, 
when a combination of low and high lime fly ashes are used in a blend, this may result in 
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the blended fly ash mixes. Therefore, it is advisable to look in at the free lime content for 
a given fly ash, rather than the total lime content. 
4.3 Effect of Prolonged Curing on ASR Expansion 
 The effect of prolonged curing on the ASR expansion was studied by testing 7 
different fly ashes and a control mix at curing ages of 2, 28 and 56 days. These were 
tested in 1 N NaOH. In addition, 3 different fly ashes and a control mix were tested after 
a curing age of 14 days. Apart from this, 3 fly ashes and the control mix were tested for 
curing ages of 2, 14 and 56 days in potassium acetate as well.  
4.3.1 Effect of the prolonged curing in 1N NaOH 
 Figure 4.5 (a), (b) and (c) gives the expansion variation from 0 to 28 days for the 
mixes with curing ages of 14, 28 and 56 days. The variation at a curing age of 2 days was 
already discussed in Figure 4.1. The expansion behavior of the fly ashes with reference to 
the total lime content, at prolonged curing ages is same as that of normal 2-day curing, 
i.e. at a given age, the expansions of these fly ashes increased with an increase in the lime 
content of the fly ashes, with control having the maximum expansion of all the mixes. 
This can further be illustrated using the figures given below.  
 36 
 
 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 5 10 15 20 25 30
E
x
p
a
n
si
o
n
 (
%
)
Age (Days)
14 Day Curing (NaOH)
HL 3 IL 5 LL 3 Control
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 5 10 15 20 25 30
E
x
p
a
n
si
o
n
 (
%
)
Age (Days)
28  Day Curing (NaOH)
LL 1 LL 2 LL 3 HL 1 HL 3 HL 4 Control
 37 
 
Figure 4.5: Expansion plots for mixes in NaOH for curing ages of (a) 14 Days (b) 28 
Days (c) 56 Days using standard and modified ASTM C 1567 
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 The bar graphs given in Figure 4.6 and Figure 4.7 showcase the expansion 
behavior of these mixes at the age of 14 and 28 days respectively after soaking in the 
solution (1 N NaOH). These graphs compare the expansion values of the mixes based on 
their curing ages at given lime contents.  
 
Figure 4.6: Expansion summary at 14th day for mixes soaked in 1 N NaOH  
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paste thereby making the pozzolanic reaction much effective. From Figure 4.6, it is 
evident that this nature is observed in most of the cases.  
 
Figure 4.7 Expansion summary at 28th day for mixes soaked in 1 N NaOH  
 From Figure 4.7, at an age of 28 days after soaking in the solution, there is no 
clear indication of the expansion behavior with respect to the increased curing ages and 
lime contents. This is because, for HL 3 with a lime content of 27.5%, the nature of 
expansion is same as it was at the age of 14 days. However, it is the other way around for 
HL 1 having a lime content of 22.85%.  
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Table 4.2: Percentage reduction in expansion compared with control at (a)14 Days 
(b)28 days  
14 Day Expansion Summary (1 N NaOH) 
  Lime Content 2-Day 14 Day 28 Day 56 Day 
Control 0.00 100.00 82.7% 70.1% 72.5% 
LL1 1.27 100.00 X 65.5% 82.5% 
LL 2 1.34 100.00 X 51.2% 65.5% 
LL 3 3.35 100.00 179.9% 73.0% 71.6% 
IL 5 15.63 100.00 125.2% X 87.1% 
HL 1 22.85 100.00 X 64.9% 57.8% 
HL 3 27.50 100.00 75.3% 56.5% 29.2% 
HL 4 29.85 100.00 X 58.6% 44.9% 
 
28 Day Expansion Summary (1 N NaOH) 
  Lime Content 2-Day 14 Day 28 Day 56 Day 
Control 0.00 100.00 119.2% 94.2% 95.1% 
LL1 1.27 100.00 X 93.9% 119.8% 
LL 2 1.34 100.00 X 59.3% 75.3% 
LL 3 3.35 100.00 189.0% 106.1% 118.1% 
IL 5 15.63 100.00 141.3% X 128.8% 
HL 1 22.85 100.00 X 100.8% 108.5% 
HL 3 27.50 100.00 97.3% 76.8% 71.5% 
HL 4 29.85 100.00 X 77.3% 85.7% 
 Table 4.2 shows a percentage improvement in the ASR expansion of the mortar 
bar samples due to the prolonged curing. The highlighted values indicate the increase in 
expansion. Table 4.2(a) gives the percentage improvement at an age of 14 days. For 
example, considering a HL 3 mix, if the expansion for a 2-day curing is considered as 
100%, then a 14-day curing would reduce the expansion to 75.3% resulting in a 24.7% 
reduction in expansion. A 28-day curing would reduce it to 56.5%, a 43.5% reduction and 
a 56-day curing further reduces it to 29.2%, a 70.80% reduction in expansion. This result 
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is as hypothesized because prolonged curing would improve the pozzolanic effect of the 
fly ash and thereby reducing the total expansion. 
 However, from Table 4.2(b), at an age of 28 days after soaking in the solution, the 
expansion of the bars increased with the increase in curing age in some cases, whereas it 
has adopted the theoretical trend of decreasing expansion with increased curing in the 
other cases. 
 Apart from these, the percentage improvement in the ASR expansion of the mixes 
was calculated making control 2-day curing (without fly ash) as a reference.  
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Table 4.2: Percentage reduction in expansion compared to control without fly ash at 
(a) 14 days (b) 28 days  
Lime Content 2-Day 14 Day 28 Day 56 Day
Control 0 100.00% 82.70% 70.10% 72.50%
LL1 1.27 13.40% X 8.80% 11.00%
LL 2 1.34 16.90% X 8.60% 11.00%
LL 3 3.35 16.20% 29.10% 11.80% 11.60%
IL 5 15.63 28.90% 36.10% X 25.10%
HL 1 22.85 46.30% X 30.10% 26.80%
HL 3 27.5 83.60% 63.00% 47.30% 24.40%
HL 4 29.85 -7.79 X -45.95 -58.61
14 Day Expansion Summary (1 N NaOH)
 
Lime Content 2-Day 14 Day 28 Day 56 Day
Control 0 100.00% 119.20% 94.20% 95.10%
LL1 1.27 22.70% X 21.30% 27.20%
LL 2 1.34 36.20% X 21.40% 27.20%
LL 3 3.35 24.70% 46.70% 26.20% 29.20%
IL 5 15.63 39.50% 55.80% X 50.90%
HL 1 22.85 59.40% X 59.90% 64.50%
HL 3 27.5 100.50% 97.80% 77.20% 71.80%
HL 4 29.85 102.20% X 78.90% 87.60%
28 Day Expansion Summary (1 N NaOH)
 
 In the above tables, the percentage improvement of the mixes in comparison with 
the 2-day curing control mix is shown. For example, upon addition of LL 1 fly ash, the 
expansion at 14 days after soaking in the solution was reduced to 13.4%. Upon add ition 
of LL 1 fly ash and curing the samples for 28 days, the expansion was reduced to 8.8%.  
 At an age of 14 days after soaking in the solution, all the mixes showed better 
results, i.e. reduced expansion when compared to 2-day cured control samples. This trend 
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was also observed in most of the cases at the age of 28 days after soaking in the solution. 
However, there is no appropriate relation for the expansion values upon prolonging the 
curing age. 
 The percentage reduction in expansions at ages of 14 and 28 days after soaking in 
solution with respect to the curing age as control is given in Table 4.3. 
Table 4.3:Percentage reduction in expansion compared to control with curing age at 
(a) 14 days (b) 28 days  
Lime Content 2-Day 14 Day 28 Day 56 Day
Control 0 100.00% 100.00% 100.00% 100.00%
LL1 1.27 13.40% 12.50% 15.20%
LL 2 1.34 16.90% 12.30% 15.20%
LL 3 3.35 16.20% 35.20% 16.90% 16.00%
IL 5 15.63 28.90% 43.70% 34.70%
HL 1 22.85 46.30% 42.90% 36.90%
HL 3 27.5 83.60% 76.10% 67.50% 33.70%
HL 4 29.85 92.20% 77.10% 57.10%
14 Day Expansion Summary (1 N NaOH)
 
Lime Content 2-Day 14 Day 28 Day 56 Day
Control 0 100.00% 100.00% 100.00% 100.00%
LL1 1.27 22.70% 22.70% 28.60%
LL 2 1.34 36.20% 22.80% 28.60%
LL 3 3.35 24.70% 39.20% 27.90% 30.70%
IL 5 15.63 39.50% 46.80% 53.50%
HL 1 22.85 59.40% 63.50% 67.80%
HL 3 27.5 100.50% 82.00% 81.90% 75.50%
HL 4 29.85 102.20% 83.80% 92.10%
28 Day Expansion Summary (1 N NaOH)
 
 The slope ratio as explained in section 4.1 holds good for prolonged curing as 
well; i.e. low lime and intermediate lime fly ashes have higher slope ratio values when 
compared to high lime fly ash and control mixes. These fly ashes suppressed the 
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expansion below 0.1% at an age of 14 days after soaking in the solution. However, this 
trend proved misleading as the expansions crossed the 0.1% limit just after the age of 14 
days in many cases.  Table 4.4 gives the slope ratios for all the mixes used for 
prolonged curing. 
 Table 4.4: Slope ratios for mixes with prolonged curing 
14 Day 28 Day 56 Day
CTRL 0 1.5 1.4 1.3
LL 1 1.27 X 3.4 X
LL 2 1.34 X 3.3 3.3
LL 3 3.35 1.8 2.9 3.3
IL 5 15.63 1.8 X 2.9
HL 1 22.85 X 2.5 3.3
HL 3 27.50 1.7 1.9 4.3
HL 4 29.85 X 1.6 2.8
Curing Age
Mix Lime Content (%)
 
 It is evident from the above table that the low lime and intermediate lime fly ash 
mixes have higher slope ratios when compared to high lime fly ash and control mixes. 
Hence, it can be concluded that low lime and intermediate lime fly ash mixes can 
mitigate ASR expansion only for the initial ages (i.e. 14 days) of the testing period 
irrespective of the duration at which the mixes were cured. 
 This can be further proved by calculating slope ratios from the data collected from 
previous studies (Desai, 2007). The data includes expansions of various mixes which 
include 15 different fly ashes at 25% replacement using Spratt limestone. Apart from this, 
4 fly ashes out of the 15 mentioned were tested at replacement levels of 15%, 25% and 
35% using 4 different aggregates, which include both reactive and non-reactive 
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aggregates. Slope ratios were calculated for all these mixes and are presented in Table 
4.5, Table 4.6, Table 4.7 and Table 4.8. 
Table 4.5: Slope ratios for fly ashes using Spratt limestone aggregate 
15% Rep 25% Rep 35% Rep
LL 1 1.27 X 2.6 X
LL 2 1.34 X 2.5 X
LL 3 3.35 2.5 2.6 5.8
LL 4 7.31 X 5.0 X
LL 5 7.49 X 1.8 X
IL 1 10.33 X 2.0 X
IL 2 10.45 X 1.9 X
IL 3 10.56 X 1.9 X
IL 4 12.25 X 1.7 X
IL 5 15.63 2.1 3.2 3.3
IL 6 18.94 X 1.3 X
HL 1 22.85 X 1.2 X
HL 2 27.47 X 1.0 X
HL 3 27.50 1.5 1.6 1.2
HL 4 29.85 X 0.8 X
Fly Ash Lime Content
S2/S1
 
Table 4.6: Slope ratios for fly ashes using New Mexico aggregate 
15 25 35
LL 3 3.35 0.7 2.8 2.2
IL 5 15.63 0.5 0.8 1.4
HL 3 27.50 0.2 0.3 0.6
Fly Ash Lime Content
S2/S1
 
Table 4.7: Slope ratios for fly ashes using North Carolina aggregate 
15 25 35
LL 3 3.35 0.8 0.5 3.0
IL 5 15.63 0.5 0.8 1.5
HL 3 27.50 0.3 0.2 0.6
Fly Ash Lime Content
S2/S1
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Table 4.8: Slope Ratios for fly ashes using South Dakota aggregate 
15 25 35
LL 3 3.35 1.0 0.8 0.6
IL 5 15.63 0.9 0.8 0.7
HL 3 27.50 0.4 0.5 0.3
Fly Ash Lime Content
S2/S1
 
 It can be clearly concluded from the above tables that the slope ratios are higher 
for low and intermediate lime fly ashes when compared to high lime fly ashes, 
irrespective of the dosage of the fly ash. However, the dosage rate does not have any 
effect on the slope ratio of the mix, i.e. the relative rate of expansion for a given mix does 
not have a proper relation with the dosage rate of the fly ash. 
4.3.2 Effect of prolonged curing in KAc  
 Apart from the mixes discussed above, some other mixes were tested in a 
potassium acetate deicer as discussed earlier in this section. Three different fly ashes (1 
HL, 1 IL and 1 LL) and a control mix were tested at curing ages of 2, 14 and 56 days. Of 
these, the behavior of the mixes at 2 days has already been discussed in section 4.1. The 
behavior of these mixes at the other ages (14 and 56 days) is shown in Figure 4.8. 
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Figure 4.8: Expansion plots for mixes in KAc at curing ages of (a) 14 days and (b) 56 
days using modified ASTM C 1567 and ASTM C 1260 
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 Results of the mortar bars soaked in potassium acetate deicer solution showed  
similar trends in mortar bar expansions as discussed for those in 1N NaOH. Low lime and 
intermediate lime fly ashes showed lesser expansion values in KAc when compared to 
those mixes immersed in 1N NaOH solution. While the low lime and intermediate lime 
fly ashes showed increased expansions between 14 and 28 days (i.e. higher slope ratios), 
their expansion values remained lesser than 0.1% at an age of 28 days with KAc solution. 
 Figure 4.9 and Figure 4.10 compare the expansion values of all the mixes used in 
KAc solution at ages of 14 and 28 days after soaking in the solution. 
 
Figure 4.9: Expansion summary at 14
th
 day for mixes soaked in KAc 
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Figure 4.10: Expansion summary at 28
th
 day for mixes soaked in KAc 
 The above figures do not give a clear indication of the effect of prolonged curing 
on the mixes. This is because, prolonged curing reduces the expansion in mixes with low 
and intermediate lime fly ashes, whereas there is no proper relation for prolonged curing 
with high lime and control mixes at both 14 and 28 days. 
 This can be further explained showing the percentage improvements of these 
mixes upon prolonged curing. Table 4.9 gives the percentage improvement of all the 
mixes upon prolonged curing with the 2-day curing as the reference value.  
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Table 4.9: Percentage reduction in expansions compared to control without fly ash  
14 Day Expansion Summary (KAc) 
  Lime Content 2-Day 14 Day 56 Day 
Control 0 100.0% 116.0% 43.7% 
LL 3 3.35 100.0% 54.9% 4.4% 
IL 5 15.63 100.0% 37.7% 7.6% 
HL 3 27.5 100.0% 107.5% 65.2% 
28 Day Expansion Summary (KAc) 
  Lime Content 2-Day 14 Day 56 Day 
Control 0 100.0% 200.5% 73.9% 
LL 3 3.35 100.0% 37.0% 34.8% 
IL 5 15.63 100.0% 20.6% 11.2% 
HL 3 27.5 100.0% 152.5% 104.4% 
 It is evident from the tables that prolonged curing reduces the ASR expansion in 
both low lime and in intermediate lime fly ash mixes. This is because these fly ashes 
reduce the ASR expansion due to the pozzolanic reaction. Prolonged curing allows for a 
better performance of the pozzolanic activity, as it is generally a slow reaction; thus, 
reducing the overall ASR expansion. However, this nature is not completely observed in 
high lime fly ash and control mixes. The percentage improvement of these mixes with 2-
Day control mix as a reference is given in Table 4.10. 
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Table 4.10: Percentage reduction in expansions compared to control with fly ash  
14 Day Expansion Summary (KAc) 
  Lime Content 2-Day 14 Day 56 Day 
Control 0 100.0% 116.0% 43.7% 
LL 3 3.35 21.3% 11.7% 0.9% 
IL 5 15.63 39.6% 14.9% 3.0% 
HL 3 27.5 112.5% 120.9% 73.3% 
     28 Day Expansion Summary (KAc) 
  Lime Content 2-Day 14 Day 56 Day 
Control 0 100.0% 200.5% 73.9% 
LL 3 3.35 33.1% 12.2% 11.5% 
IL 5 15.63 79.4% 16.4% 8.9% 
HL 3 27.5 112.2% 171.1% 117.2% 
 It is clear from the above tables that the percentage improvement in reducing the 
expansion decreases with the increase in lime content. This agrees with the basic 
hypothesis, which was laid before the start of the experiment.  
. 
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Table 4.11: Percentage reduction in expansion compared to control with curing age  
14 Day Expansion Summary (KAc) 
  Lime Content 2-Day 14 Day 56 Day 
Control 0 100.0% 100.0% 100.0% 
LL 3 3.35 21.3% 10.1% 2.1% 
IL 5 15.63 39.6% 12.9% 6.9% 
HL 3 27.5 112.5% 104.3% 167.7% 
28 Day Expansion Summary (KAc) 
  Lime Content 2-Day 14 Day 56 Day 
Control 0 100.0% 100.0% 100.0% 
LL 3 3.35 33.1% 6.1% 15.6% 
IL 5 15.63 79.4% 8.2% 12.1% 
HL 3 27.5 112.2% 85.4% 158.6% 
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4.4 Effect of Accelerated Curing on ASR Expansion 
 The effect of the initial curing regime was tested by adopting a different method 
for curing. As per the standard ASTM C 1260 or ASTM C 1567 methods, the mortar bars 
were cured in a moist room for 24 hours and then in a hot water bath at 80
o
C for 24 
hours. In order to examine the effect of curing in a hot water bath over the amount of 
lime hydrated in the cement paste, the curing process was completely carried out in the 
moist room, i.e. a 2-day curing implies curing in the moist room for 2 days. The same 
process was repeated for 28 and 56 day curing as well. These tests were performed on 3 
high lime, 3 low lime fly ash mixes and a control mix. 
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Figure 4.11: Expansion behavior for 56 day curing (a) with hot water bath (b) 
without hot water bath using modified ASTM C 1567 and ASTM C 1260  
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Figure 4.12: Expansion behavior for 28 day curing (a) with hot water bath (b) 
without hot water bath using modified ASTM C 1567 and ASTM C 1260 
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Figure 4.13: Expansion behavior 2-day curing (a) with hot water bath (b) without 
hot water bath using modified ASTM C 1567 and ASTM C 1260 
An initial jump is clearly observed between the age of 0 to 3 days in  
Figure 4.11 (b), Figure 4.12 (b) and Figure 4.13 (b). For mortar bars with regular curing, 
i.e. with the hot water bath, the length measurements at all days were taken at a 
temperature of 80
o
C, whereas for mortar bars without the hot water bath, the 0-day length 
measurements are taken at room temperature as the bars were taken directly from the 
moist room. Hence, the initial length change at an age of 3 days is mainly due to the 
thermal expansion of the bars (because of varying temperatures for 0-day and 3
rd
 day). 
This can be clearly observed in the graphs shown above.  
 Apart from this, when the expansions of the mixes are plotted based on their 
curing ages; it is evident from some of the graphs that, apart from the initial jump 
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between 0 and 3 days, the graphs ran in parallel in many of the cases. Figure 4.14 (a), (b) 
and (c) shows the expansion behavior for HL 3 fly ash. 
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Figure 4.14: Expansion behavior for HL 3 Fly Ash using modified ASTM C 1567 
and ASTM C 1260 
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 Out of the total 21 combination of mixes (a combination is a mix with and 
without hot water bath) used, 13 mixes showed the behavior as observed in Figure 4.14 
(b) and (c). There is a clear indication of this difference, especially for low lime fly ashes. 
Figure 4.15 and Figure 4.16 replicate the expansion behaviors for low lime fly 
ashes based on their curing ages. Apart from this, when considered only until the age of 
14 days after soaking in the solution, 16 mixes showed similar behavior. 
 
Figure 4.15: Expansion behavior for LL 1 fly ash using modified ASTM C 1567 and 
ASTM C 1260 
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Figure 4.16: Expansion behavior for LL 3 fly ash using modified ASTM C 1567 and 
ASTM C 1260 
 From the graphs, out of the six mixes, three had an initial jump and the other three 
have comparatively lesser values at the age of 3 days. The three mixes with the initial 
jump are the mixes without hot water bath and that jump can be attributed to the initial 
thermal expansion due to the temperature gradient between 0 and 3 days. 
 Apart from this, a thermogravimetric analysis (TGA) was performed to study the 
effect of one day accelerated curing in the hot water bath. For this, samples were cured at 
ages of 2, 14 and 28 days, with and without using the hot water bath. The amount of 
hydrated lime content present in the sample was obtained by heating the sample to a 
temperature of 500
o
C. The weight loss between 400
o
C and 500
o
C is due to the 
breakdown of calcium hydroxide present in the mix at that temperature. A first derivative 
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curve for the weight loss over the temperature was laid and the total weight loss due to 
the breakdown of calcium hydroxide for all the mixes at all the curing ages was obtained. 
The percentage weight loss in relation to the 2-day curing (with and without hot water 
bath) was calculated. Figure 4.17 and Figure 4.18 give the relative increase for 14-day 
and 28-day curing with respect to the 2-day curing (with and without hot water bath).  
 
Figure 4.17: Effect of prolonged curing on hydrated lime content using TGA 
(Without hot water bath) 
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Figure 4.18: Effect of prolonged curing on hydrated lime content using TGA (With 
hot water bath) 
 From Figure 4.17, if the amount of lime hydrated was 100% for the control mix 
with 2-day curing, prolonging the curing to 14 days increased the percentage lime 
hydrated to 120.7% and an increase in the curing age to 28 days resulted in 148.6%. This 
percentage increase was observed in all the mixes used, with and without hot water bath. 
4.5 Effect of water-cement ratio on ASR expansion 
 The effect of permeability on ASR expansion was observed by varying the water-
cement ratios. A water-cement ratio of 0.47 was adopted for all the mixes. To study the 
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permeability effect, water cement ratios of 0.4 and 0.54 were adopted for a high lime, low 
lime and control mixes. 
 The expansion behaviors of all these mixes are given in Figure 4.19 through 
Figure 4.21. 
 
Figure 4.19: Effect of control mixes on ASR with varying water cement ratios using 
standard and modified ASTM C 1260 
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Figure 4.20: Effect of HL 4 mix on ASR with varying water cement ratios using 
standard and modified ASTM C 1567 
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Figure 4.21: Effect of LL 3 mix on ASR with varying water cement ratio using 
standard and modified ASTM C 1567 
 From the above figures, it can be observed that the mixes with a water-cement 
ratio of 0.4 had a low expansion value when compared to the other mixes in the initial 
days of the test (0 to 14). However, after 14 days the expansions significantly increased 
and resulted in higher values. For mixes with a water-cement ratio of 0.54, the results 
were opposite. Initially the expansion was high, but the expansion rise gradually 
decreased with time. 
 A hypothesis was laid stating that, at a water-cement ratio of 0.4, the matix is 
dense and it would take time to penetrate and create distress. However, an initial crack 
will make the matrix brittle enough so that the cracking increases severely, thereby 
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allowing more solution to get into the system. This results in higher expansion values for 
mixes with a low water-cement ratio. To validate this hypothesis, all the samples were 
looked under scanning electron microscope (SEM). A control sample with a water 
cement ratio of 0.4 is shown in Figure 4.22. 
 
Figure 4.22: SEM images of control mix with w/c= 0.4 soaked in 1N NaOH for 28 
days  at various magnification levels 
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The EDX analysis is done at some of the locations, on and around the crack. It is given in 
Figure 4.23 and Figure 4.24 
 
Figure 4.23: SEM micrograph of control mix with w/c=0.4 soaked in 1 N NaOH for 
28 days 
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 In the above figure, the EDX spectra clearly showed higher amounts of alkalis in 
the first picture (over the crack), whereas the amount alkalis are relatively very low in the 
second picture (on the aggregate).  
 
Figure 4.24: SEM micrograph of ASR gel (interior and exterior parts of the crack) 
within a control mix of w/c=0.4 soaked in 1 N NaOH for 28 days 
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 The above figure gives the EDX micrograph at interior and exterior parts of a 
crack filled with ASR gel. The amount of alkalis observed is almost same in both the 
cases. 
 The cracking patterns observed in control mixes with water cement ratios of 0.47 
and 0.54 are given in Figure 4.25 and Figure 4.27. 
 
Figure 4.25: SEM images of control mix with w/c=0.47 soaked in 1 N NaOH for 28 
days at various magnification levels 
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 From the above figure, it is clearly observed that most of the cracks are seen 
passing through the aggregate and the ASR gel formed along the walls of crack. 
However, the gel is observed only along the walls where the aggregate is cracked. This 
gives a clear indication that the gel is directly produced from the aggregate, when the 
alkalis encounter it. The same scenario is observed in mixes with water cement ratio of 
0.54 as well. Figure 4.26 gives the EDX analysis of 0.47 w/c ratio control mix. The 
analysis was done within and outside the crack. Higher Na contents can be clearly 
observed in the second figure when compared to the first figure where the Na contents 
are low. This is mainly because; the spectrum was taken over the aggregate in the first 
case. 
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Figure 4.26: SEM micrograph for within and outside the crack within a control mix 
of w/c 0.47 soaked in 1 N NaOH for 28 days  
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Figure 4.27: SEM images of control mix with w/c=0.54 soaked in 1 N NaOH for 28 
days at various magnification levels 
 73 
 It is evident from the SEM analysis that, though the variation in expansions of the 
control mixes at different water cement ratios is high, there is not much difference in the 
intensity of cracking in all the 3 cases, i.e. the cracks are observed almost all over the  
samples. In contrary to this, the cracking pattern is completely different in the case of a 
low lime mix. A picturesque description of these cracks is given in Figure 4.28 and 
Figure 4.31. 
 
Figure 4.28: SEM images of LL 1 fly ash mix with w/c=0.4 soaked in 1 N NaOH for 
28 days at various magnification levels 
 For low lime fly ashes, irrespective of the water-cement ratio, the cracking pattern 
remained the same. However, there was not much difference in the expansion values. The 
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cracks were primarily observed only along the edges of the sample. No cracks were 
observed at the center of the sample. This can be mainly attributed to the effectiveness of 
the pozzolanic reaction, which does not allow the alkalis to get into the pore solution of 
the sample. The majority of the cracks observed were passing through the aggregate as 
shown in the figure. 
 
Figure 4.29: SEM images of LL 1 fly ash mix with w/c=0.47 soaked in 1 N NaOH for 
28 days at various magnification levels 
No Cracks found in the center of the sample  
 
 75 
 An EDX analyses was performed within and outside the crack shown in the 
picture with 50µm magnification. It is given in Figure 4.30. 
 
Figure 4.30: SEM micrograph for within and outside the crack within a LL 1 mix of 
w/c 0.47 soaked in 1 N NaOH for 28 days 
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Figure 4.31: SEM images of LL 1 fly ash mix with w/c=0.54 soaked in 1 N NaOH for 
28 days at various magnification levels 
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 For high lime fly ashes, the cracking pattern is also similar in all the samples with 
different water-cement ratios. In some of the samples, cracks originating from an 
aggregate particle and extending in all the radial directions is clearly observed. However, 
different crack patterns were observed in places with similar locations on the sample. 
These are clearly explained in Figure 4.32 and Figure 4.33. 
 
Figure 4.32: SEM images of HL 4 fly ash mix with w/c=0.4 soaked in 1 N NaOH for 
28 days at various magnification levels 
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Figure 4.33: SEM images of HL 4 fly ash mix with w/c=0.54 soaked in 1 N NaOH for 
28 days at various magnification levels 
Capillary pores due to higher 
water-cement ratio 
Cracks found along the edge of 
the sample 
No Cracks along the other edge 
of the sample 
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 In Figure 4.33, severe cracking was found along one edge of the sample, however 
no such cracking is found along the other edge. This is because, the damage once 
occurred, affected severely at the same place.  
4.6 Statistical Analysis 
 A statistical analysis was performed on the data to find out if the data was 
statistically or significantly different. The analysis was performed on all the prolonged 
curing results using Microsoft Excel.  
 ANOVA tests were conducted to determine if the expansion means of all the fly 
ashes at different curing ages were significantly different. A null hypothesis (Ho) was 
laid stating that all the sample means are equal. An F-test was run to check the validity of 
the null hypothesis. After the test was run, the Fcrit value was compared with the Fobs 
value. Fcrit is developed based on the degrees of freedom and the level of significance, α 
(α=0.05). As the Fobs obtained from ANOVA calculations is greater than Fcrit, the null 
hypothesis is rejected which implies that all the sample means are not the same. 
 As it was found that the sample means were not equal, it was tested whether the 
means are statistically or significantly different. To do this, the Least Significant 
Difference (LSD) for a given set of values was found out. If the difference between two 
given values is greater than the LSD, then the values are said to be significantly different, 
else they are statistically different.  
 The LSD matrices are given in Appendix B. A notation of „S‟ represents that the 
corresponding values are significantly different, where as a notation of „X‟ represents that 
the values are statistically different.  
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4.6.1 Influence of prolonged curing on fly ashes and control mix 
 The influence of a prolonged curing over a particular fly ash mix was tested. This 
was done for all the seven fly ashes and the control mix used. The analysis showed 
significant difference between regular and prolonged ages of curing at an age of 14 days 
after soaked in the solution, i.e. increasing the curing age from the regular 2 days to 
higher ages showed significant difference. However, varying the curing age from 28 to 
56 days did not show any significant difference in many of the mixes.  
4.6.2 Influence of the fly ash lime content on the curing ages 
 The influence of the fly ash lime content over a given curing age was tested, i.e. 
for a given curing age, it was tested that replacing one fly ash with the other shows any 
significant difference. It was observed that significant differences were observed in 
changing a fly ash from low lime to intermediate lime, low lime to high lime, and 
intermediate lime to high lime. No such differences were observed when one low lime fly 
ash was replaced with the other. This phenomenon was observed at almost all the curing 
ages. 
4.6.3 Influence of lime content of blended fly ashes on expansion 
 Upon increasing the lime content by blending the fly ashes, it showed a 
significant difference in almost all the cases, except for the mixes where the variation in 
lime content was less than 1%. The table showing this trend is given in Appendix B. 
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CHAPTER 5 CONCLUSIONS 
5.1 General 
 This chapter presents the conclusions for all the results discussed in chapter 4.  
The conclusions are presented in the order with which the objectives were defined. 
5.2 Conclusions 
 The following conclusions can be drawn for ASR mitigation based on the various 
tests performed: 
1. The ASR mitigating efficiency of a fly ash depends on its lime content. At a 25% 
replacement level with cement, low lime and intermediate lime fly ashes are effective in 
suppressing the ASR expansion below the acceptance limit of 0.1%, in a 1 N NaOH 
solution and a potassium acetate deicer. 
2. The blending of two different fly ashes results in higher ASR expansions, when 
compared to a raw fly ash mix of similar lime content. This is likely due to the higher 
quantities of available free lime content in the blended fly ashes when compared to raw 
fly ashes. 
3. Prolonged curing reduces the ASR expansion of all the mixes at an age of 14 days after 
soaking in the solution, irrespective of the curing age of the mortar or concrete, i.e. ASR 
expansion reduces with an increase in the curing age of the sample. This is because 
prolonged curing allows the pozzolanic reaction to be more effective, thereby preventing 
the alkalis from entering into the pore solution of the sample. This was further validated 
using a TGA, wherein the percentage of lime hydrated is higher for mixes with prolonged 
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curing. This case was observed in all the cases, i.e. control, low lime and high lime fly 
ash mixes (with and without using the hot water bath). However, at the age of 28 days 
after soaking in the solution, there is no clear indication of the expansion in relation to the 
curing age of the mixes. 
4. The rate of increase of expansion of low and intermediate lime fly ashes is higher at 
later ages after soaking in the solution (i.e. after 14 days). This nature was observed at 
different ages of curing using Spratt limestone. Apart from this, it was also observed in 
various reactive and non-reactive aggregates using different fly ashes. However, the rate 
of expansion remains the same at early and later ages for high lime and control mixes.  
 The expansion behavior due to ASR is not significantly affected by the initial 
curing regime. However, thermal expansions due to differences in curing temperatures 
are dominant. 
5. The 14-day expansions are not significantly influenced by the water-cement ratio (or 
permeability) of the mix. However, the rate of increase of expansion after 14 days is 
higher for mixes with lower water-cement ratio. This results in higher expansion values 
for these mixes at the age of 28 days.  
 Even though, there is a lot of difference in the expansion behavior, the intensity of 
cracking inside the pore structure was almost the same in both cases. For high lime and 
control mixes, cracking was observed all throughout the sample. In contrary to this, for 
low lime fly ashes, the cracking was observed only near the edges of the sample. This 
shows the effectiveness of the pozzolanic reaction. 
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5. Based on the findings in this research, the 14-day expansions are found to be 
more valid in characterizing the ASR mitigation of SCMs than 28-day expansion. 
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(A) Appendix  – Length change for mortar bars 
Appendix A.1: Length change for mortar bars with 2 day curing 
Days
Exp (%) Std. Dev Exp (%) Std. Dev Exp (%) Std. Dev Exp (%) Std. Dev
0 0 0 0 0 0 0 0 0.00
3 0.054 0.00 0.148 0.00 0.124 0.00 0.017 0.00
7 0.118 0.00 0.225 0.01 0.226 0.01 0.027 0.00
11 0.164 0.00 0.271 0.01 0.280 0.00 0.043 0.00
14 0.202 0.00 0.365 0.01 0.318 0.00 0.076 0.00
21 0.320 0.01 0.575 0.01 0.424 0.00 0.147 0.00
28 0.473 0.01 0.801 0.02 0.560 0.01 0.219 0.00
IL 5
EXPANSIONS SUMMARY - 2 DAY CURING
HL 3 HL 4HL 1
 
Days
Exp (%) Std. Dev Exp (%) Std. Dev Exp (%) Std. Dev Exp (%) Std. Dev
0 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
3 0.009 0.00 0.009 0.00 0.013 0.00 0.117 0.00
7 0.023 0.00 0.021 0.00 0.029 0.00 0.271 0.00
11 0.034 0.00 0.028 0.00 0.043 0.00 0.360 0.00
14 0.058 0.00 0.074 0.00 0.071 0.00 0.437 0.00
21 0.115 0.00 0.167 0.00 0.127 0.01 0.615 0.00
28 0.181 0.01 0.288 0.01 0.197 0.01 0.796 0.01
EXPANSION SUMMARY FOR 2 DAY CURING (1 N NaOH)
ControlLL 3LL 1 LL 2
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Appendix A.2: Length change for mortar bars with 14 day curing (1 N NaOH) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.019 0.00 0.017 0.00 0.013 0.00 0.039 0.00
7 0.121 0.00 0.088 0.00 0.078 0.00 0.189 0.01
11 0.208 0.01 0.119 0.00 0.101 0.00 0.291 0.01
14 0.275 0.01 0.158 0.00 0.127 0.01 0.361 0.01
21 0.505 0.02 0.282 0.00 0.232 0.01 0.633 0.01
28 0.779 0.02 0.445 0.00 0.372 0.01 0.950 0.02
EXPANSION SUMMARY - 14 DAY CURING
HL 3 IL 5 LL 3 Control
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Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0 0 0 0 0.00 0 0
3 0.003 0.00 -0.003 0.00 0.006 0.01 -0.004 0.00
7 0.016 0.00 0.012 0.00 0.024 0.01 0.108 0.00
14 0.038 0.00 0.038 0.00 0.052 0.01 0.306 0.01
21 0.100 0.00 0.109 0.00 0.132 0.01 0.479 0.01
28 0.170 0.01 0.171 0.01 0.209 0.01 0.750 0.01
EXPANSION SUMMARY - 28 DAY CURING
LL 3LL 1 LL 2 Control
 
  
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00
3 0.005 0.00 0.019 0.00 0.023 0.01
7 0.043 0.00 0.085 0.01 0.110 0.01
14 0.131 0.00 0.207 0.01 0.236 0.01
21 0.302 0.00 0.406 0.01 0.440 0.01
28 0.477 0.01 0.615 0.01 0.629 0.01
HL 3 HL 4HL 1
EXPANSION SUMMARY - 28 DAY CURING
Appendix A.3: Length change for mortar bar with 28 day curing (1N NaOH) 
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Appendix A.4: Length Change for mortar bars with 56 day curing (1N NaOH)
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.001 0.00 0.000 0.01 0.005 0.00 0.023 0.01
9 0.049 0.00 0.043 0.01 0.079 0.00 0.042 0.00
14 0.117 0.01 0.107 0.01 0.181 0.01 0.110 0.01
21 0.278 0.01 0.290 0.02 0.408 0.01 0.204 0.01
28 0.513 0.01 0.572 0.02 0.698 0.01 0.405 0.01
IL 5
EXPANSION SUMMARY - 56 DAY CURING
HL 3 HL 4HL 1
 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0 0 0 0 0 0 0
3 0.000 0.00 0.003 0.00 0.002 0.00 0.009 0.00
9 0.024 0.00 0.028 0.00 0.032 0.00 0.205 0.02
14 0.046 0.00 0.048 0.00 0.051 0.00 0.317 0.02
21 0.117 0.01 0.130 0.00 0.495 0.02
28 0.217 0.00 0.233 0.01 0.758 0.02
EXPANSION SUMMARY - 56 DAY CURING
ControlLL 3LL 1 LL 2
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Appendix A.5: Length change for mortar bars with 2 day curing (No Hot water 
bath) (1 N NaOH) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00
3 0.088 0.00 0.150 0.00 0.169 0.00
7 0.122 0.01 0.221 0.01 0.212 0.00
11 0.156 0.01 0.270 0.01 0.294 0.01
14 0.191 0.01 0.312 0.01 0.342 0.01
21 0.292 0.01 0.462 0.01 0.502 0.01
28 0.415 0.01 0.654 0.01 0.682 0.01
EXPANSION SUMMARY - 2 DAY CURING (NO HOT WATER BATH)
HL 3 HL 4HL 1
 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.057 0.00 0.061 0.00 0.064 0.00 0.172 0.00
7 0.065 0.00 0.073 0.00 0.078 0.01 0.285 0.00
11 0.077 0.00 0.089 0.00 0.089 0.01 0.368 0.00
14 0.103 0.00 0.115 0.00 0.117 0.01 0.451 0.00
21 0.164 0.00 0.171 0.00 0.176 0.01 0.686 0.00
28 0.236 0.00 0.244 0.00 0.247 0.01 0.922 0.00
ControlLL 3LL 1 LL 2
EXPANSION SUMMARY - 2 DAY CURING (NO HOT WATER BATH)
 
  
 90 
Appendix A.6: Length change behavior for 28 day curing (no hot water bath) (1 N 
NaOH) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00
3 0.088 0.00 0.093 0.00 0.106 0.01
7 0.113 0.00 0.171 0.01 0.187 0.02
14 0.204 0.01 0.291 0.01 0.310 0.01
21 0.430 0.01 0.554 0.01 0.540 0.01
28 0.601 0.02 0.744 0.01 0.737 0.01
EXPANSION SUMMARY - 28 DAY CURING (NO HOT WATER BATH)
HL 3 HL 4HL 1
 
 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.067 0.00 0.062 0.00 0.067 0.01 0.077 0.00
7 0.073 0.00 0.072 0.00 0.077 0.00 0.233 0.01
14 0.097 0.00 0.093 0.00 0.104 0.00 0.376 0.01
21 0.152 0.01 0.146 0.00 0.179 0.00 0.650 0.03
28 0.242 0.01 0.242 0.01 0.263 0.01 0.805 0.03
LL 3LL 1 LL 2 Control
EXPANSION SUMMARY - 28 DAY CURING (NO HOT WATER BATH)
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Appendix A.7: Length change behavior for 56 day curing (no hot water bath) (1 N 
NaOH) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00
3 0.080 0.00 0.081 0.00 0.075 0.00
8 0.108 0.00 0.126 0.01 0.124 0.02
12 0.149 0.01 0.182 0.01 0.209 0.02
14 0.170 0.01 0.211 0.01 0.239 0.02
21 0.290 0.01 0.369 0.02 0.414 0.02
28 0.494 0.03 0.619 0.02 0.672 0.01
EXPANSION SUMMARY - 56 DAY CURING (NO HOT WATER BATH)
HL 3 HL 4HL 1
 
 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.068 0.00 0.062 0.00 0.064 0.00 0.081 0.00
7 0.062 0.00 0.066 0.00 0.057 0.00 0.187 0.00
11 0.092 0.00 0.086 0.00 0.090 0.01 0.283 0.00
14 0.094 0.00 0.091 0.00 0.094 0.01 0.312 0.00
21 0.153 0.00 0.144 0.00 0.153 0.01 0.467 0.00
28 0.237 0.01 0.216 0.01 0.241 0.03 0.692 0.01
Control LL 3LL 1 LL 2
EXPANSION SUMMARY FOR 56 DAY CURING (NO HOT WATER BATH)
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Appendix A.8: Length changes for mortar bars with blended ashes (HL 3 + LL 3) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.030 0.00 0.039 0.00 0.052 0.00 0.082 0.00
7 0.058 0.01 0.094 0.00 0.138 0.00 0.177 0.01
11 0.088 0.01 0.129 0.00 0.182 0.00 0.223 0.01
14 0.119 0.01 0.167 0.00 0.226 0.00 0.264 0.01
21 0.181 0.01 0.255 0.00 0.338 0.00 0.365 0.01
28 0.266 0.01 0.387 0.01 0.526 0.00 0.533 0.02
EXPANSION SUMMARY FOR BLENDED FLY ASHES (HL 3+ LL 3)
20 HL 3 + 80 LL 3 40 HL 3 + 60 LL 3 60 HL 3 + 40 LL 3 80 HL 3 + 20 LL 3
 
 
Appendix A.9: Length changes for mortar bars with blended ashes (HL 3 + LL 1) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.023 0.00 0.034 0.00 0.047 0.00 0.082 0.00
7 0.047 0.00 0.073 0.00 0.125 0.00 0.182 0.00
11 0.066 0.00 0.107 0.00 0.168 0.00 0.229 0.01
14 0.103 0.00 0.145 0.00 0.213 0.00 0.278 0.00
21 0.176 0.00 0.233 0.01 0.324 0.01 0.406 0.01
28 0.270 0.01 0.353 0.01 0.506 0.01 0.614 0.02
EXPANSION SUMMARY FOR BLENDED FLY ASHES (HL 3 + LL 1)
20 HL 3 + 80 LL 1 40 HL 3 + 60 LL 1 60 HL 3 + 40 LL 1 80 HL 3 + 20 LL 1
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Appendix A.10: Length changes for mortar bars with blended ashes (HL 4 + LL 1) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.025 0.00 0.038 0.00 0.062 0.01 0.103 0.00
7 0.040 0.00 0.077 0.00 0.128 0.01 0.191 0.00
11 0.073 0.00 0.122 0.00 0.175 0.01 0.246 0.00
14 0.106 0.01 0.160 0.01 0.218 0.01 0.294 0.00
21 0.191 0.01 0.261 0.01 0.346 0.02 0.450 0.00
28 0.275 0.01 0.385 0.01 0.492 0.03 0.617 0.00
EXPANSION SUMMARY FOR BLENDED FLY ASHES (HL 4 + LL 1)
20 HL 4 + 80 LL 1 40 HL 4 + 60 LL 1 60 HL 4 + 40 LL 1 80 HL 4 + 20 LL 1
 
 
Appendix A.11: Length changes for mortar bars with blended ashes (HL 4 + LL 3)
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.031 0.00 0.038 0.00 0.066 0.00 0.110 0.00
7 0.051 0.00 0.078 0.01 0.136 0.00 0.202 0.00
11 0.088 0.00 0.117 0.01 0.185 0.01 0.265 0.00
14 0.119 0.00 0.157 0.01 0.227 0.01 0.318 0.00
21 0.205 0.00 0.211 0.01 0.361 0.01 0.386 0.00
28 0.299 0.01 0.373 0.01 0.527 0.01 0.688 0.00
EXPANSION SUMMARY FOR BLENDED FLY ASHES (HL 4 + LL 3)
20 HL 4 + 80 LL 3 40 HL 4 + 60 LL 3 60 HL 4 + 40 LL 3 80 HL 4 + 20 LL 3
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Appendix A.12: Length changes for mortar bars with 2 day curing (KAc) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.031 0.00 0.038 0.00 0.066 0.00 0.110 0.00
8 0.051 0.00 0.078 0.01 0.136 0.00 0.202 0.00
11 0.088 0.00 0.117 0.01 0.185 0.01 0.265 0.00
14 0.119 0.00 0.157 0.01 0.227 0.01 0.318 0.00
21 0.205 0.00 0.211 0.01 0.361 0.01 0.386 0.00
28 0.299 0.01 0.373 0.01 0.527 0.01 0.688 0.00
EXPANSION SUMMARY FOR 2 DAY CURING (KAc)
HL 3 IL 5 LL 3 CONTROL
 
 
Appendix A.13: Length changes for mortar bars with 14 day curing (KAc) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.029 0.00 0.001 0.00 0.005 0.00 0.018 0.00
7 0.242 0.01 0.053 0.01 0.064 0.00 0.269 0.01
11 0.446 0.01 0.058 0.00 0.072 0.00 0.467 0.01
14 0.613 0.01 0.059 0.00 0.076 0.00 0.588 0.01
21 0.952 0.02 0.069 0.00 0.095 0.00 1.079 0.03
28 1.301 0.04 0.093 0.01 0.125 0.01 1.525 0.05
EXPANSION SUMMARY FOR 14 DAY CURING (KAc)
HL 3 IL 5 LL 3 CONTROL
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Appendix A.14: Length changes for mortar bars with 56 day curing (KAc) 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0.00 0 0.00 0 0.00 0 0.00
3 0.023 0.00 0.004 0.00 0.006 0.00 0.013 0.00
7 0.060 0.00 0.004 0.00 0.007 0.00 0.033 0.00
11 0.235 0.01 0.004 0.00 0.006 0.00 0.137 0.02
14 0.372 0.01 0.005 0.00 0.015 0.00 0.222 0.02
21 0.630 0.02 0.034 0.01 0.035 0.00 0.378 0.03
28 0.891 0.03 0.088 0.02 0.068 0.00 0.562 0.02
EXPANSION SUMMARY FOR 56 DAY CURING (KAc)
HL 3 IL 5 LL 3 CONTROL
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Appendix A.16: Length changes for mortar bars with w/c=0.54 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0 0 0 0 0
4 0.199 0.01 0.016 0.00 0.175 0.00
7 0.329 0.01 0.018 0.00 0.250 0.00
11 0.431 0.01 0.042 0.00 0.302 0.00
14 0.497 0.01 0.074 0.00 0.333 0.00
21 0.654 0.01 0.154 0.00 0.397 0.00
28 0.794 0.01 0.238 0.01 0.472 0.01
Control LL 1 HL 4
EXPANSION SUMMARY - 2 DAY CURING (W/C = 0.54)
 
Days
Exp (%) Std Dev Exp (%) Std Dev Exp (%) Std Dev
0 0 0 0 0 0 0
4 0.154 0.01 0.014 0.00 0.149 0.01
7 0.236 0.01 0.016 0.00 0.216 0.01
11 0.345 0.01 0.030 0.00 0.295 0.01
14 0.440 0.01 0.047 0.00 0.359 0.01
21 0.742 0.02 0.127 0.00 0.580 0.02
28 1.113 0.04 0.223 0.00 0.843 0.01
Control LL 1 HL 4
EXPANSION SUMMARY - 2 DAY CURING (W/C = 0.4)
Appendix A.15: Length changes for mortar bars with w/c = 0.4  
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(B) Appendix  – Statistical Analyses 
S – Statistically different    X – Significantly different 
Appendix B.1: LSD matrix for LL 1 fly ash 
Curing Age 2 day 28 day 56 day 
2 day - S X 
28 day S - X 
56 day X X - 
 
Appendix B.2: LSD matrix for LL2 fly ash 
Curing Age 2 day 28 day 56 day 
2 day - S S 
28 day S - S 
56 day S S - 
 
Appendix B.3: LSD matrix for LL 3 fly ash 
Curing Age 2 day 14 day 28 day 56 day 
2 day - S S S 
14 day S - S S 
28 day S S - X 
56 day S S X - 
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Appendix B.4: LSD matrix for IL 5 fly ash 
Curing Age 2 day 14 day 56 day 
2 day - S X 
14 day S - S 
56 day X S - 
 
Appendix B.5: LSD matrix for HL 1 fly ash 
Curing Age 2 day 28 day 56 day 
2 day - S S 
28 day S - X 
56 day S X - 
 
Appendix B.6: LSD matrix for HL 3 fly ash 
Curing Age 2 day 28 day 56 day 
2 day - S S 
28 day S - S 
56 day S S - 
 
Appendix B.7: LSD matrix for HL 4 fly ash 
Curing Age 2 day 28 day 56 day 
2 day - S S 
28 day S - S 
56 day S S - 
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Appendix B.8: LSD matrix for control mixes 
Curing Age 2 day 14 day 28 day 56 day 
2 day - S S S 
14 day S - S S 
28 day S S - X 
56 day S S X - 
 
Appendix B.9: LSD matrix for 2-day curing 
MIX LL 1 LL 2 LL 3 IL 5 HL 1 HL 3 HL 4 CTRL
LL 1 - S S S S S S S
LL 2 S - S S S S S S
LL 3 S X - S S S S S
IL 5 S S S - S S S S
HL 1 S S S S - S S S
HL 3 S S S S S - S S
HL 4 S S S S S S - S
CTRL S S S S S S S -  
 
Appendix B.10: LSD matrix for 14 day curing 
MIX LL 3 IL 5 HL 3 CTRL 
LL 3 - S S S 
IL 5 S - S S 
HL 3 S S - S 
CTRL S S S - 
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Appendix B.11: LSD curing for 28 day curing 
MIX LL 1 LL 2 LL 3 HL 1 HL 3 HL 4 CTRL 
LL 1 - X X S S S S 
LL 2 X - X S S S S 
LL 3 X X - S S S S 
HL 1 S S S - S S S 
HL 3 S S S S - S S 
HL 4 S S S S S - S 
CTRL S S S S S S - 
 
Appendix B.12: LSD matrix for 56 day curing 
MIX LL 1 LL 2 LL 3 IL 5 HL 1 HL 3 HL 4 CTRL 
LL 1 - X X S S S S S 
LL 2 X - X S S S S S 
LL 3 X X - S S S S S 
IL 5 S S S - X X S S 
HL 1 S S S X - X S S 
HL 3 S S S X X - S S 
HL 4 S S S S S S - S 
CTRL S S S S S S S - 
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Appendix B.13: LSD matrix for blended fly ashes 
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